Pollen grains are commonly found in ice cores, particularly those from mountain glaciers at low to middle latitudes. Because the release of pollen from flowers has a seasonality and varies among the plant species, pollen concentrations in ice cores are useful for distinguishing annual or seasonal layers and inferring past vegetation near glaciers. We analyzed major pollen grains in an 87-m-deep ice core drilled at the top of the Grigoriev Ice Cap (4563 m.a.s.l.) in the Tien Shan Mountains, Kyrgyz Republic. Microscopy showed that mainly five pollen taxa were contained in the ice core. Their abundance fluctuated with the depth of the core, indicating their seasonal deposition on the ice cap, while the seasonality of the stable isotopes was not particularly clear because of melting and refreezing signatures. Based on the pollen profiles, annual layers were determined back in time to 1780 AD at a depth of 63.6 m; at greater depth, they could not be distinguished due to ice layer thinning in the glacier. The pollen assemblages have gradually changed during the last 220 years and were particularly distinctive in the deeper part, suggesting the drastic change of vegetation in this region during the Holocene.
Introduction
The Tien Shan Mountains are among the major mountain systems in central Asia and extend more than 2000 km across the vast arid region of the central part of the Eurasia continent. Despite less atmospheric moisture in this region, the mountains rising above 4000 m.a. s.l. can trap water vapor and have developed a number of glaciers (Aizen et al. 2007 ). The glaciers supply vital water for life in the surrounding forest, steppe, and desert, and thus have played an important role in the ecosystems and human settlements through the long history of central Asia (Yang et al. 2006) . Studies show that recent climate changes have occurred in this region, resulting in glacier contractions and water shortages (Aizen et al. 1997; Barnett, Adam, and Lettenmaier 2005; Sorg et al. 2012; Farinotti et al. 2015) . For better projection of future climate changes and water resources in this region, reconstruction of the past environment in mountainous areas is important.
Ice cores drilled from glaciers provide a means to reconstruct the past environment. A number of ice cores have been recovered from glaciers in central Asia during the last three decades, and their records have shown a long environmental history covering hundreds to a thousand years or the entire Holocene (Thompson et al. 1989 (Thompson et al. , 1997 Aizen et al. 2016) . For example, fluctuations in oxygen stable isotopes, annual ice thickness, mineral concentration, and soluble ions are used as proxies of air temperature, precipitation, dust storms, and anthropogenic pollution in this region, respectively (Grigholm et al. 2015) . Such records have improved our understanding of the climate and hydrological systems of central Asia during the Holocene.
Although ice cores are valuable natural proxies of the past environment in this region, dating of annual layers remains challenging. The seasonality of oxygen stable isotopes and/or soluble ions, which have commonly been used to determine annual layers of polar ice cores, is not always applicable to ice cores in this region because they often contain refrozen ice layers, which form as a result of higher air temperature or solar radiation during summer (Fujita et al. 1996; Takeuchi et al. 2009; Okamoto et al. 2011) . The seasonality of stable isotopes and soluble ions can be disturbed by percolating melt water, thus not allowing for the identification of annual layers in ice cores.
Pollen grains are commonly found in ice cores in central Asia and have been used as annual or seasonal markers to determine annual layers (Nakazawa et al. 2005; Uetake et al. 2006; Okamoto et al. 2011) . They are released from the flowers of herbs and trees and are transported to distant areas by wind and deposited on glacier surfaces in the mountains. Because various vegetation types expand around the mountains, abundant and various pollen grains have been preserved in glaciers in central Asia. Their abundance often exceeds 100 grains per liter of ice melt water (Nakazawa et al. 2005) . Because pollen grains are released from flowers that bloom during a certain season of year, their vertical profiles in ice cores are useful to distinguish annual or seasonal layers (Nakazawa et al. 2004 (Nakazawa et al. , 2005 (Nakazawa et al. , 2015 Festi et al. 2015 Festi et al. , 2017 . Furthermore, pollen grains are influenced very little by percolating melt water; thus, their fluctuation can be compared to those of stable isotopes or soluble ions for ice cores with melt features (Uetake et al. 2006) . For example, the pollen profiles of Betulaceae, Pinus, and Artemisia, which usually occur during May, June, and August, respectively, have enabled determination of annual layers over 85 years in the upper 48 m of an ice core of the Belukha Glacier in the Altai Mountains, Russia ). Furthermore, as pollen has been commonly used as a proxy of paleoclimate in lake sediments, pollen assemblages in ice cores may also be indicative of vegetation surrounding the glacier during the past (Liu, Yao, and Thompson 1998; Yang et al. 2008; Brugger et al. 2018 ). In the Tien Shan Mountains, a number of studies of pollen in lake sediments, surface soil layers, and its dispersal processes have been conducted (Beer et al. 2007; Pan et al. 2013; Huang et al. 2015) ; however, there is a lack of information on pollen deposited on glaciers in the highest part of the mountains. Pollen in glacial ice could provide valuable information to understand the dispersal process of airborne pollen as well as the paleo-environment in this region.
In 2007, we drilled an ice core on the Grigoriev Ice Cap in the inner part of the Tien Shan Mountains in Kyrgyz Republic (Takeuchi et al. 2014) . Because of the unclear seasonality of the stable isotope or dust concentration of the ice core, annual layers have not yet been determined. Pollen grains possibly enable identification of annual layers in the ice core. In this study, we quantified the major pollen grains in the Grigoriev ice core and dated it using their vertical profiles. The decadal change in the pollen assemblages is also discussed as an indicator of vegetation around the glacier.
Study site and methods
The ice core was drilled at the top of the Grigoriev Ice Cap (41°58ʹ33ʺN, 77°54ʹ48ʺE) in Kyrgyz Republic (Figure 1) . The ice cap is in the Teskey Ala-too Range in the inner Tien Shan, an area extending southward from Lake Issyk-Kul. The ice cap covers a small summit approximately 8 km 2 in area. The top of the summit is a flat snowfield at an elevation of 4563 m.a.s.l. Our twoyear automatic meteorological measurement at the top of the ice cap (2005) (2006) (2007) showed that the annual precipitation is approximately 290 mm, which is equivalent to 643 mm of snow accumulation (surface snow density was assumed to be 451 kg m −3 ; Fujita et al. 2011) . The vegetation around the glacier mainly consists of alpine grassland extending mostly along the southern side of the ice cap at elevation of 3000-3600 m.a.s.l. (Figure 1(c) ). The lower part of the Terskey Ala-too Mountains is mostly characterized by a coniferous forest dominated by Picea schrenkiana, extending to the northern side of the ice cap at elevation of 1500-3000 m.a.s.l. (Beer et al. 2007, Figure 1 (d) ). This forest is the potential source of the pollen grains in the ice core. The ice core was recovered from the surface to the bedrock of the ice cap at a depth of 86.87 m. The tritium peak corresponding to the atmospheric nuclear test in 1963 AD was found at a depth of 18.4 m. The bottom soil and three prominent dust layers near the bottom were dated using radiocarbon, which showed early to middle Holocene ages ranging from c.a. 6000 to 12,500 cal. year before the present (Takeuchi et al. 2014 ; Figure 3 ).
The ice core was transported in a frozen state to the ice core laboratory at the Research Institute for Humanity and Nature in Kyoto, Japan, following drilling. In the laboratory, the core was cut every 4-5 cm for the upper 50 m and 1-4 cm below 50 m, which was adapted to the layer thinning with depth. The total number of samples was 2,067. Each sample was used for analyses of oxygen stable isotopes and particle concentration (Takeuchi et al. 2014) . A part of these samples was also used for pollen analysis.
Identification of the pollen types was performed to that taxonomical level with a phase-contrast and fluorescence microscope at 400x magnification (BH-51, Olympus, Japan) using standard identification keys (Moore, Webb, and Collison 1991) . We found five major pollen types in the ice core; namely, Artemisia, Picea, Pinus, Chenopodiaceae, and Ephedra ( Figure 2 ). These pollens were chosen for analysis in this study since they have already been used as annual or seasonal markers to determine annual layers in other ice cores in Central Asia (Nakazawa et al. 2005; Uetake et al. 2006; Okamoto et al. 2011) . Pollen grain counting was conducted for the five types basically following the method of Nakazawa et al. (2004 Nakazawa et al. ( , 2005 . We found other pollen types, which were counted as others although their counts in each sample were too small (less than two counts per 10 mL) to represent annual layer boundary. At total of 10 mL of the melted samples was filtered through a 0.45-µm pore size hydrophilic membrane filter (JHWP01300, Millipore, Japan), and the pollen grains on the filter were then counted using the fluorescence microscope. All of the five types of pollen grains have strong fluorescence under ultraviolet excitation and can be identified using their standard pollen keys in the fluorescence. To simplify the analytical process and prevent pollen loss, the samples were subjected to neither chemical treatment nor centrifugation. Although this is a non-standard palynological method, it is efficient for analysis of a large number of ice core samples and is sufficient to identify the taxonomical level of five pollen types. However, this method may prevent the identification of some pollen types to be counted, and results may not be comparable with pollen data analyzed with a standard method.
Furthermore, although there is some evidence of variation in pollen fluorescence with time (Yeloff and Hunt 2005) , the fluorescence is unlikely to be decayed significantly in this study since the pollen had been preserved in ice in a frozen state.
In order to evaluate the dating by the pollen profile and to calculate net annual accumulation of ice on the glacier, annual layer thickness was corrected with a simple ice thinning model (Nye 1963) . The model relies on a representative surface accumulation rate and a constant vertical thinning rate.
Results

Pollen profiles in the ice core
The pollen profile extracted from the ice core showed that layers with high and low pollen concentrations repeatedly appeared ( Figure 3 ). The layers with low pollen concentrations probably corresponded to winter accumulation, although there might be other pollen types that could not be counted with the method in this study.
The most abundant pollen type observed in the ice core was Artemisia (Figure 2(c) ), ranging from 0 to 32.8 grains mL −1 (mean: 0.40 grains mL −1 ; Figure 4 ) and accounting for 40 percent of the total pollen in the ice core. This type showed peaks from the surface down to the bottom. However, below 64.3 m, the abundance was mostly less than 1 grain mL −1 and the peaks were smaller than those above the depth. In the layers below 80 m, the abundance was generally low (0.0-3.0 grains mL −1 ), but there was a high peak at 86.3 m (32.8 grains mL −1 ). Intermediate abundance was found in the ice near the bottom (2.0-8.4 of pollen grains mL −1 ). The Artemisia type has been commonly found in lake sediments and surface soils in the Tien Shan Mountains, and it is usually the most dominant in herb pollen (Beer et al. 2007; Huang et al. 2015) . The source plant Artemisia sp. is distributed in the lower desert/steppe zone of the Tien Shan Mountains (below 1500 m; Huang et al. 2015) . However, it is not only one single species contributing to this pollen type. The Artemisia pollen was significantly more abundant compared to that of the other herb pollen of the desert/steppe (Chenopodiaceae and Ephedra) in the ice core. Therefore, the Artemisia pollen may be derived from the adjacent alpine grassland of the ice cap.
Picea-type pollen was the second most abundant pollen and ranged from 0 to 36.1 grains mL −1 (mean: 0.43 grains mL −1 ; Figure 4 ). It accounted for 37.1 percent of the pollen counted in this study. It also showed peaks from the surface to the bottom. The depth of each peak did not exactly coincide with those of Artemisia. Abundance became low and peaks were smaller below 60 m. In the layers below 80 m, the abundance slightly increased, and some higher peaks (10-40 grains mL −1 ) appeared between 81.0 and 83.2 m depth. Picea pollen is most likely from Picea schrenkiana, which is the most dominant coniferous tree in the Tien Shan Mountains and is distributed on the slope of the northern side of the Grigoriev Ice Cap (Beer et al. 2007; Pan et al. 2013; Huang et al. 2015) .
Although the Artemisia and Picea pollen were the major pollen types in the ice core, two other types of herb pollen were also commonly found: Chenopodiaceae and Ephedra. Chenopodiaceae-type pollen occurred from the surface to the bottom of the ice core. It ranged from 0 to 2.2 grains mL −1 (mean: 0.09 grains mL −1 ). Peaks were broad and did not correspond to those of Artemisia and Picea. Ephedra-type pollen showed a distinctive profile from that of the other three pollen types. It ranged from 0 to 9.0 grains mL −1 (mean: 0.13 grains mL −1 ). The abundance was generally less than 1 grain mL −1 in the layers of the upper part of the ice core (above 80 m), but high concentration peaks (2-4 grains mL −1 ) frequently appeared in the layers near the bottom. These two pollen types have been commonly found in lake sediments and surface soils in the Tien Shan Mountains ( This Pinus pollen may be derived from distant forests or from adjacent forests that had Pinus trees in the past.
There were some extreme peaks in each pollen type; for example, 25.7 grains mL −1 at 9.48 m for Picea and 17.2 grains mL −1 for Artemisia (Figure 3) . This is possibly caused by significant melt over multiple years. However, the extreme peaks appeared for only a single pollen type; thus, they are probably due to exceptional production and deposition of the pollen type.
Annual layer counting using pollen grains
The profiles show that Picea and Artemisia pollen have generally clear peaks, likely corresponding to their flowering season (Figure 4) . In contrast, the Chenopodiaceae and Ephedra types did not always show clear peaks, probably because of the longer distance from the source area of the pollen, longer flowering period, or inclusion of multiple species, which were not identified in this study (Figure 4 ). Concentrations of Picea and Artemisia pollen grains were also much greater than those of Chenopodiaceae and Ephedra, suggesting an abundant supply of the two pollen types on the ice cap. An observational study in the Tien Shan Mountains has shown that the dispersal of Picea pollen (Picea schrenkiana) is concentrated over one or two weeks during May or June (Pan et al. 2013 ). The Artemisia flowering season near the glaciers is typically during August or September (Nakazawa et al. 2005) . Although the profile of stable isotopes showed partially unclear seasonal signals, a significant positive correlation between Picea pollen and the stable isotope (r = 0.3, P = 0.02 < 0.05) suggests that the Picea peaks appear in summer and have a seasonal cycle. Artemisia pollen did not correlate significantly with Picea or the stable isotope. This is probably due to different timing of seasonal fluctuation between Artemisia pollen and the stable isotope.
In this study, we used these two pollen profiles to determine the boundaries of the annual layers of the ice core. The annual layer boundary was defined as the beginning of pollen deposition on the ice cap; i.e., the boundaries were determined by the samples above 0.2 grains mL −1 of pollen concentration that were placed just above the sample less than 0.2 grains mL −1 . The boundaries were automatically determined for the two pollen types. The threshold was determined by the pollen concentration that best divides the apparent pollen peaks.
As a result, we identified 267 and 229 annual layers from the surface to 70 m depth using Picea and Artemisia pollen profiles, respectively (Figures 4  and 5 ). The depths of the two pollen boundaries did not agree with each other. The Artemisia-rich layers generally appeared above the Picea-rich layers above 50 m ( Figure 5 ). This is likely due to the different flowering season of each pollen. The disagreement of annual layers of the two pollen types may be caused by less pollen production of either species in some years. The thickness of annual layers became thinner as the depth increased. This is probably due to vertical layer thinning by ice compression. The relationship between depth and time determined by the two pollen types is shown in Figure 6 . Although the boundaries of the two types of pollen did not agree, the depth-time relationship agreed well above 50 m. The tritium maximum of the atmospheric nuclear bomb experiment in 1963 AD was detected at 19.1 m in this ice core (Takeuchi et al. 2014) , which was dated as 1963 AD and 1962 AD by Picea and Artemisia pollen, respectively. The differences in years between the two pollen datings were 3, 2, 0, 4, 5 years at 10, 20, 30, 40, and 50 m, respectively, suggesting that both types of pollen dated the annual layer with an uncertainty less than five years above 50 m. However, the difference became greater below 50 m; it was 10 and 26 years at 55 and 60 m.
Depth-time relationships obtained from an ice thinning model using three assumptions of annual accumulation (250, 300, and 350 mm water equivalent (w. e.) year −1 ) are also shown in Figure 6 . As compared with the pollen dating curves, the model calculation with the assumption of 300 mm w.e. year −1 of annual accumulation appeared to fit the pollen dating. However, Artemisia dating was out of the model curve below 50 m. There were fewer Artemisia-rich layers below 50 m, which may be due to less deposition of the pollen during this time period ( Figure 5(b) ). Therefore, we finally used the Picea pollen profile to determine the annual layers in this ice core. Picea pollen was also out of the model curve below 64 m. This is probably due to the detection limit of pollen seasonality with the ice cutting interval used in this part. In order to detect the pollen seasonality, the cutting interval should be small enough compared to the annual layer thickness. However, the annual layers exponentially became thinner in the deeper part of the glacier due to ice compression. In this study, we cut the ice core with an interval of 4 cm at a depth from 60 m to 70 m, which was probably too large to detect the seasonal signals of pollen deposition in this part of the core. Therefore, we concluded that Picea pollen dating is useful in this ice core above 64 m, which corresponds to the years from 2007 to 1780 AD.
Discussion
Comparison of the pollen assemblage to ice cores of central Asia
The pollen assemblage of the Grigoriev ice core can be characterized by the dominance of the Artemisia and Picea types with minor content of Chenopodiaceae and Ephedra and other pollen types. This assemblage is distinctive from those of other ice cores reported in central Asia. For example, Pinus and Betula pollen dominates the Belukha ice core of the Altai Mountains, approximately 1100 km northeast of the Grigoriev Ice Cap (Figure 1(a) ; Nakazawa et al. 2005) . There is abundant tree pollen in the Belukha ice core area because of the vast Siberian boreal forests expanding north of Belukha Glacier. The Tsambagarav ice core in the same Altai Mountains, however, showed less tree pollen and dominance of the Artemisia type (Brugger et al. 2018a) . Because the Tsambagarav Glacier is in the Mongolian Altai, southeast of the Belukha Glacier and distant from the boreal forest, the pollen assemblage is dominated by herb pollen rather than tree pollen.
The three major types of herb pollen in the Grigoriev ice core-Artemisia, Chenopodiaceae, and Ephedrawere also abundant in the Dunde ice core from the Qillian Mountains 2000 km east of the Grigoriev Ice Cap (Liu, Yao, and Thompson 1998) . The Dunde Ice Cap is surrounded by arid desert, similar to the Tien Shan Mountains. The low abundance of tree pollen in the Dunde ice core is probably because of the decreased forest area around the ice cap compared to that of the Tien Shan Mountains. These types of herb pollen were also abundant in the Puruogangri ice core on the Tibetan Plateau, which shares similar geographic conditions to those of the Dunde ice core (Figure 1(a) ; Yang et al. 2008 ). These geographical variations in pollen assemblage of the ice cores in central Asia suggest that the pollen in ice cores are generally derived from regional areas and potentially indicative of past vegetation around a glacier.
The pollen assemblage in the Grigoriev ice core is likely a mixture of pollen originating from different altitudinal zones of the Tien Shan Mountains. As compared to the pollen assemblage in the soil surface in the Tien Shan Mountains, the assemblage of the ice core generally agrees with that in forests and low land steppes, although the pollen deposition process is different between soil and glaciers. Pollen in soil is more from sources at extra-local to regional scales, but that on glaciers is from sources of regional scale. A study of the soil surface showed that Picea pollen was abundant in the forest of the mountain slopes near the ice cap (Beer et al. 2007 ) because the spruce trees are abundant locally. Artemisia and Chenopodiaceae are the pollen types commonly observed in deposits in the desert steppe zone below 1800 m elevation (Huang et al. 2015) . Although this type of steppe zone is present near Issy-Kul Lake north of the ice cap (Figure 1(b) ), Artemisia is unlikely only from this low land steppe because the abundance was greater than that of the Chenopodiaceae. The Artemisia pollen was probably derived from the adjacent alpine grassland of the glacier because the plant also grows widely there. A study showed that the soil surface of high alpine grassland (>2800 m) of the Tien Shan Mountains is dominated by Cyperaceae pollen (Huang et al. 2015) ; however, it was rarely observed in the ice core and has much lower abundance than that of Artemisia and Chenopodiaceae. Furthermore, Cyperaceae is also minor in other ice core assemblages in central Asia. Thus, this pollen may have not been blown over the glaciers in the upper mountains, although it is dominant in the grassland. A lake sediment core of the Tien Shan Mountains showed Artemisia and Chenopodiaceae dominance in layers of the last 2,000 years (Huang et al. 2015) . Although these pollen grains in the sediment are common to those in the ice core, they were likely derived from different vegetation zones in the Tien Shan Mountains; i.e., lower steppe for the lake sediment and lower steppe and alpine grassland for the ice core.
Validation of pollen dating using the relationship between stable isotopes and observed air temperatures
Uncertainty in the dating, particularly a disagreement between two pollen peaks in the ice, occurs for several reasons. Fujita et al. (2011) showed a significant decrease in the snow surface level because of summer melting at the drilling site of the Grigoriev Ice Cap, although all melt water was refrozen in the snow layer. Such surface melting would eliminate the seasonal peaks of different pollen taxa. Nakazawa et al. (2005) suggested that strong winter storms may cause erosion of the surface snow, resulting in a lack of winter layers. Nevertheless, results showed that the pollen dating was consistent with the tritium maximum layer and agreed well with the depth-time curve obtained with an ice thinning model, suggesting that the effects of melt or erosion of the surface snow on the pollen profiles were small enough to preserve their seasonal signals.
To validate the annual layer counting using pollen, we calculated annual mean oxygen isotopes and compared them to annual mean air temperature derived from local instrumental observation (Figure 7) . The instrumental air temperature used was a record from the city of Almaty, 165 km northwest of the Grigoriev Ice Cap, from 1888 to 2002 (Cherednichenko et al. 2015) . Stable isotopes in ice cores drilled in central Asia vary for many reasons, including moisture source, amount effect, and air temperature (Aizen et al. 2006 (Aizen et al. , 2016 . However, observations have shown that stable isotopes of precipitation in the Tien Shan Mountains are closely correlated with air temperature (Tian et al. 2007) . Therefore, the annual mean isotope would be correlated with local air temperature if the dating is correct. Both the annual mean isotopic value and the annual mean air temperature at Almaty (from January to December) were normally distributed (Shapiro-Wilk normality test, isotope: W = 0.9883, P = 0.3701 > 0.05; temperature: W = 0.9838, P = 0.1724 > 0.05). As in the previous study (Tian et al. 2007 ), we applied a Pearson's correlation test between the annual mean isotopic value and the annual mean air temperature, and found a significant positive correlation (r = 0.3386, df = 114, P = 0.000 < 0.01; Figure 7(c) ). The error of Figure 7 . Inter-annual variations for the last 120 years in stable isotopes on the basis of pollen annual layer counting (a) and instrumental air temperature at Almaty (b) and a correlation plot between them (c). timescale for the correlation was ignored in this test. This significant correlation suggests that the annual layers determined by the pollen profile are reliable.
Inter-annual variations in the stable isotopes and net accumulation of ice (mass balance in water equivalent) based on pollen dating over the last 230 years are shown in Figure 8 . The stable isotopes as a proxy of air temperature showed gradual warming during the twentieth century and a significant increase after 1990. These also indicated that air temperature was nearly steady from the late eighteenth century to the nineteenth century, except for a small cooling event during the 1830s. The net accumulation shows a fluctuation over the last 230 years with a mean of 298 mm w.e. year −1 . It shows a relatively high net accumulation in the mid-twentieth century, which agrees with an instrumental precipitation data at the Tien-shan Meteorological Station ). However, the net accumulation was not statistically correlated with the precipitation data (1930 ( -2002 , probably due to the effect of melt water runoff on the ice cap.
Temporal variations in pollen grains as indicators of past vegetation
The decadal mean of the pollen assemblages shows that Artemisia pollen gradually increased while Picea pollen decreased over the last 220 years, indicating recent vegetation change around the ice cap. The mean percentage of Artemisia was 36 percent during the nineteenth century, but increased to 50 percent during the twentieth century (Figure 9(a) ). The decadal mean of total pollen flux on the glacier ranged from 11 to 42 × 10 4 grains m −2 year −1 (mean: 24 × 10 4 grains m −2 year −1 ) before the twentieth century, but increased after the 1980s, ranging from 29 to 65 × 10 4 grains m −2 year −1 (mean: 50 × 10 4 grains m −2 year −1 ; Figure 9(b) ). Therefore, this change in the pollen assemblage was probably because of an increase in the Artemisia pollen flux, which may be a result of the expansion of grassland near the ice cap. The expansion appears to have been caused by an increase in precipitation and climatic warming during the late twentieth century.
In the deeper part of the ice core, there was a distinctive pollen assemblage from that of the modern (Figure 9(a) ), suggesting that different vegetation had expanded during the early to mid-Holocene. The pollen assemblage in the 10 cm of ice above the two upper dust layers (Dust 1 at 79.53 m and Dust 2 at 81.79 m), which have been dated as 6174-5919 cal. year BP and 8017-7969 cal. year BP, respectively (Takeuchi et al. 2014) , showed abundant Picea pollen, accounting for approximately 70 percent (Figure 9(a) ), suggesting less alpine grassland around the ice cap. Furthermore, Pinus pollen was only abundant in the Dust 1 layer at 79.53 m, suggesting the presence of a different atmospheric circulation pattern or vegetation in this region at the time. A pollen assemblage in the ice above the lower dust layer (85.52 m in depth), dated as 8155-8002 cal. year BP, and that in ice above the bottom soil, dated as 12,656-12,434 cal. year BP, showed that limited Picea, but abundant Artemisia pollen grains, occurred in the ice. This suggests that the coniferous forest had not yet expanded during the early Holocene in the Tien Shan Mountains. However, since we used only limited volume of ice samples, identified pollen at a low taxonomical level, and analyzed it with non-standard palynological methodology in this study, these interpretations of the vegetation change may be too partial. Analysis of pollen in this ice core with a palynological standard would offer significant potential to reconstruct past vegetation in the region in a future study.
Conclusions
Examination of major pollen grains in the Grigoriev ice core drilled in the inner Tien Shan Mountains, Kyrgyz Republic, shows that they mainly consist of five taxa, which likely originated from different vegetation zones in the region. Picea and Artemisia pollen are the most dominant taxa in the ice core, and they likely originated from coniferous forest on the north side and alpine grassland on the south side of the ice cap, respectively. Chenopodiaceae and Ephedra pollen are relatively less abundant, and likely originated from the arid steppe meadows expanding on the lower part of the mountain. Picea and Artemisia pollen show clear fluctuations and thus were used for annual layer counting of the ice core. Results show that the annual layers can be counted back in time to 1780 AD at 64 m depth in the ice core using Picea pollen. The dating is verified by the positive correlation between the instrumental records of local air temperatures and annual mean stable isotopes on the basis of the annual layers determined. Decadal variation in the pollen shows an increase in Artemisia pollen deposition after the twentieth century, suggesting recent expansion in the ice cap forefields. The pollen assemblage near the bottom of the ice core suggests less expansion of coniferous forest and alpine grassland during the early and mid-Holocene, respectively.
